ABSTRACT
INTRODUCTION
Cardiopulmonary bypass is a routine medical procedure that allows the heart to be stopped while still delivering oxygenated blood to the body tissues. There are many variables involved that determine the degree of success of the procedure. If the ascending aorta is being cannulated, the angle of which the cannula is introduced to the major vessel can mean the difference between a successful procedure and a procedure that results in a range of post-operative disorders, related to the nature of the perfusion.
Cardiopulmonary bypass (CPB) has been used for decades with success for most patients undergoing the procedure. However, there is evidence that CPB causes harm to some, including stroke, brain damage, tissue damage and inflammation, and organ failure [1] . Major factors that influence the success of the CPB procedure are shear stress and pressure on the walls of the aorta that lead to mobilization of an atherosclerotic embolism, stagnant blood flow that could lead to thrombotic embolism, flow distribution that could lead to poor end organ perfusion, and high intra-fluid shear stress that leads to hemolysis.
The position of the cannula during CPB is a decision made on a case by case basis. Severe atherosclerosis in the aorta can lead surgeons to have to select a different vessel from the ascending aorta as a cannulation site. Furthermore, as the style of cannula changes, different cannulations sites and orientations may be necessary, as the outflow takes on different characteristics [2] . In this case, a straight outflow cannula was used and a cannulation site, 1 inch inferior to the brachiocephalic trunk along the right side of the aortic arch was held constant for the entirety of the study.
Procedural Complications
The post-operative disorders of concern are synthesis of either thrombotic or atherosclerotic embolism, damage of vascular tissues, hemolysis of the red blood cells, and retro perfusion of any of the supra aortic arteries. The major fluid mechanics principles that contribute to these disorders are low fluid velocity in the volume [3] , high wall shear stress on the vascular wall, high normal pressure on the vascular wall, and high intra-fluid shear stress respectively.
As blood flows through the cannula and is reintroduced into the ascending aorta, the flow structure changes. Large scale turbulence develops which causes the overall velocity of the flow to reduce. In areas in the aorta where the flow is not flowing freely, such as the aortic root, the lower velocity flow can lead to coagulation and thus the creation of a blood borne thrombotic embolism.
In patients with diagnosis of atherosclerosis, there are deposits of calcified cholesterol that line the inside of the blood vessels. The shear stress imposed on the vessel walls due to the viscous nature of blood flow can cause these deposits to separate from the vessel wall, becoming blood borne atherosclerotic embolisms.
Wall shear stress, defined as pressure causing a force parallel with the surface of the vessel due to viscous flow, is known to be a contributing factor to atherosclerosis. Wall shearstress is known to cause a "sandblasting" effect on existing atherosclerotic vessels. The result of that "sandblasting" is to increase the likelihood of disturbing the calcification and potentially causing an embolism. This is increasingly significant when considering the disturbance that could have arose from clamping the ascending aorta to begin the procedure [4] These atherosclerotic emboli can lead to obstructed blood flow causing stroke and brain damage [5] .
Normal stress due to flow stagnation on an area of the aorta could create pressure damage to the existing calcification. In conjunction with wall shear stresses, increase the likelihood of embolism mobilization.
The cells that make up the lining of the blood vessels are susceptible to damage from high normal pressure due to incident flow "jetting" the inside of the vessel. In this application, the flow from the cannula stagnating on the inside of the aorta is an example of this.
One of the major goals for cardiopulmonary bypass is to perfuse the body in a manner similar to normal cardiac function. If the distribution of oxygenated blood during cardiopulmonary bypass is different, it is possible to cause injury. For instance, if the cannula placement induces high velocity flow below any of the entrances to the supra aortic arteries, it is possible that flow will induce a Venturi effect, resulting in flow reversal in the brachiocephalic trunk. The lack of oxygenated blood reaching the brain tissue through that vessel could result in damage to the tissue and corresponding cognitive damage [6] .
Computational Fluid Dynamics Representation
Stagnant flow patterns in the aorta allow for the synthesis of thrombotic embolism. In the context of CPB one of the major areas of concern is the root of the ascending aorta where flow can lose velocity. Figure 1 shows how even when the blood is injected directly into the ascending aorta a large amount of its velocity is lost to turbulence at the base of the aortic root. That slow-moving blood increases the risk for thrombosis in the CPB circuit [7] .
During CPB depending on the cannulation site and angle of incidence, the procedure can induce retrograde perfusion in the brachiocephalic trunk [8] . Flow reversal in the artery that delivers oxygenated blood to the brain is a major contributor to brain damage during CPB. Figure 2 shows a possible perfusion case when cannulating in the ascending aorta. High velocity flow below any of the supra aortic arteries leads to a low-pressure area at the opening; this leads to flow reversal at that outlet. An evenly distributed high-pressure environment is necessary to ensure proper flow direction and distribution.
As CPB is meant to provide a comparably similar flow distribution to normal cardiac function, it was necessary to get an understanding of what normal cardiac blood-flow distributions look like. Table 1 shows the flow distribution values gathered from the European Society of Radiology. Lastly, large areas of viscous shear stress in the blood itself can cause damage to the red blood cells. The result of large amounts of hemolysis is increased levels of potentially harmful iron and urea in the blood stream.
NUMERICAL PROCEDURE
The simulations were completed using SolidWorks 2016 to generate the CAD and STAR CCM+ v11.04 to perform the CFD studies.
Geometric Model and Importing to STAR CCM+
A geometrically simple model was prepared in SolidWorks. The model included the ascending aorta, aortic arch with supra aortic arteries, and the descending aorta. The supra aortic arteries were left short in the CAD model, and the model was exported as an IGES file. The IGES file was imported as a surface mesh into STAR CCM+. The resulting geometry served as the fluid region. 
Meshing
The meshing parameters used were surface wrapper, polyhedral mesher, surface remesher, and extruder. The wrapper was used to ensure that any discontinuities in the geometry would not disrupt the meshing of the volume. The polyhedral mesher was the best choice for the smooth asymmetric walls of the aorta and allowed the use of the extruder.
To limit numerical error in the aortic arch, the supra aortic arteries were extended. That brought the surfaces with the pressure outlet boundary condition, signifying the continuation of the artery, further away from the arch. The extruder was set to extrude a 4 in constant profile volume from the existing surface. This was split into 50 layers of constant thickness during the meshing process. 
Boundary Conditions
For the cannula simulations, the ascending aorta was treated as a wall. This simulated the effect of clamping the aorta to separate the aorta from the heart. The end of the cannula external to the aorta was treated as a mass flow inlet set to a constant value of 0.068 kg/s which corresponds to roughly 3.7 l/min volumetric flow rate of blood.
The outlets for the supra aortic arteries and the descending aorta were treated as pressure outlets, but constant resistive pressures were applied at each outlet to better represent the human body. This was done by simulating normal human cardiac function and iteratively changing the pressure values of the outlets until the distribution matched the values found by T. Mueller et al within 5% [9] .
Physics Conditions
The system was modeled as a three-dimensional steady state study. The blood was modeled as water and the density was modified to 1101.45 kg/m 3 to match that of blood.
Turbulence was modeled using the k-ε model. The realizable two-layer k-ε turbulence model provides new turbulent viscosity equations and new transport equations which allow the model to better predict flows involving rotation. The two-layer portion of the model separates the computation into two layers; a layer near the wall boundary, and the layer away from the wall boundary.
Testing Levels and Completion Criterion
The simulations were performed with the cannula insertion angle starting at 60° below horizontal and angled upward in 15° increments to 0°. Each of the simulations were then post-processed and stored.
RESULTS AND DISCUSSION
FlowStructures and Distributions
Successful cardiopulmonary bypass produces flow distributions that closely resemble that of normal cardiac function. Furthermore, smooth helical flow is desired in the ascending aorta to create a uniform cross section of pressure prior to the supra aortic arteries.
The 60°, 45°, and 30° simulations produced smooth helical flow structures in the ascending aorta. The 45° case produced the best results, as the flow struck the inner surface of the aorta, rebounded off the bottom of the ascending aorta and developed reasonably helical flow upward. Whereas the 60° and 30° case showed issues with flow stagnating in the root of the ascending aorta and some erratic flow injecting directly into the aortic arch, respectively. The 15° and 0° simulations resulted in major deviations from the expected flow structure, figures depicting those can be found in Appendix A.
The distribution of flow can be found in Table 3 . 60°, 45°, and 30° produced results absent of retrograde perfusion. However, 60° and 30° can be seen to have deviations of 22% and 27% respectively. 15° and 0° indicate retrograde perfusion in the brachiocephalic trunk. That flow reversal could manifest as brain damage due to poor perfusion of the brain. 
Wall Shear Stress
Wall shear stress is the result of viscous flow with respect to a fixed surface. In this instance the blood flow over the surface of the aorta. The resulting wall shear stress contributes to the "sandblasting" effect of potential calcification on the inner walls of the aorta. The weakening of the surface of those deposits increases the likelihood of fatty embolism mobilization, by breaking a portion of the deposit away from the vessel wall.
The 60° case had the lowest levels of wall shear stress at 4 Pa, while the 15° case had the highest levels at 20 Pa. The 45° and 30° cases had increases in wall shear stress, at 14 Pa and 19 Pa respectively. In those instances, the areas most affected are the portions of the aorta around where the blood flow is striking. Figure 11 . 30° case wall shear stress plot onto aorta walls Figure x+3 shows how the blood flow strikes at the central area of the arch and then as it diffuses outward, causes areas of increased wall shear stress.
Hemolysis
The intra-fluid shear stresses were analyzed and showed that in the 45°, 30°, and 15° simulations there was a risk of hemolysis. A small area on the aorta at the stagnation point of blood flow showed an isosurface that met the maximum stress level in the fluid. 600 Pa was the stress level that was considered damaging to the red blood cells [10] . There is a secondary area within the cannula that shows an area of excessive stress. However, this area was present in each of the 5 cases and was attributed to flow development within the cannula, which is beyond the scope of this study. Further information can be found in Appendix B.
Normal Stress
The levels of normal stress can be seen in Table 2 . Discuss further The higher levels of normal stress were exhibited in the 30° -15° range. By avoiding those areas, the risk of mobilizing an embolism would be attenuated. These results compared within a factor of 2 to related studies [11] . Major considerations that create deviations from real world deal primarily with the lack of atherosclerotic deposition geometries in the aorta. The wall shear stress values would be significantly different, and a better exhibition of how deposits would react to viscous flow would be evident, were the deposits present. In this case, ideal geometries were studied.
CONCLUSION AND FUTURE RESEARCH
This study provides a general understanding of how modulating the angle of cannulation in the ascending aorta below the horizontal will affect fluid structure interaction within the aorta and flow development therein. Due to the variability in cannulation during CPB, general information of how the process will be affected by outflow cannula position and angulation are critical to avoid potentially life-threatening post-operative complications.
A three-dimensional computational fluid dynamics study was performed using smooth internal aorta geometry that included the supra-aortic arteries and the beginning of the descending aorta. Blood was approximated by simulating water and modifying the density to be within the known density region of blood. Systemic flow resistances inherent to the human body were estimated by iteratively solving a standard (non-CPB) flow case and modifying the simulated resistance pressures at the pressure outlet boundary conditions until the flow distributions met that of documented cardiac function studies. An 8 mm diameter outflow cannula was used to perfuse the ascending aorta in the horizontal or 0° case and the angle was decreased in increments of 15° to 60° below horizontal in the frontal plane. Flow rates for the simulation were set to 3.7 l/min. Turbulence was modeled using a two-layer realizable k-epsilon model. The flow rates of each supra-aortic artery and descending aorta were monitored, along with wall shear stress, normal stress, and intra-fluid shear stress.
The study showed that 45° to 60° cannulation angles yield acceptable results related to flow distribution, wall shear stress, intra-fluid shear stress, and vascular normal stress. This does not factor geometric deviations due to atherosclerosis into account.
Further study of the phenomena would include changing the cannulation angle in the transverse plane in conjunction with angles in the frontal plane. The fluid used in this study was a water like fluid with a constant density to match that of blood flow, to study this further, modifications to viscosity could be made.
